Abstract: When a consumer chooses a product, one of the most important considerations is price. Therefore, cost reduction is the most important factor when manufacturing a product. This paper has applied the sensorless method to remove the position sensor in an interior permanent magnet synchronous motor (IPMSM) system and examined the way to reduce the use of the trigonometric function in order to lower the dependency on a high-end CPU. A sensorless method has been studied to use an extended electromotive force (EEMF) that can increase the degree of freedom of the motor in the IPMSM system. In addition, an observer is applied to the estimated position to stabilize the system. Furthermore, many trigonometric functions are used for driving the IPMSM. Since this trigonometric function requires decimal point operations, that requires a lot of computation time and a high-performance CPU. Therefore, this paper proposes a new method to pre-compensate the maximum torque per ampere (MTPA) angle as a way to reduce the use of the trigonometric functions which makes a high-spec CPU unnecessary. Simulations and experiments are conducted to verify the proposed control algorithm.
Introduction
In recent years, high-efficiency products have been preferred due to concerns over high oil prices and energy resources. In particular, there is an increasing demand for higher efficiency of high-output household appliances such as robotic vacuum cleaners, fans, air conditioners, refrigerators and washing machines. The same concern applies to servo drive motors and industrial robots for factory automation systems [1, 2] .
Permanent Magnet (PM) machines have higher power density, higher power factor and higher efficiency per unit volume than induction motor, and have the advantage in terms of size because there is no heat due to copper loss. Even PM motors are easier to control. In particular, IPMSM can utilize electromagnetic torque (T e ) as well as reluctance torque to output higher torque. Further, since the IPMSM can be designed to have a smaller air gap than surface permanent magnet synchronous motor (SPMSM), the magnetic flux density is also higher. Therefore, IPMSM is attracting attention as the most widely used induction motor replacement motor in industry [2] [3] [4] [5] [6] [7] [8] .
In descending order the cost proportion of each part of an IPMSM system is: (1) electric machine; (2) power switching devices; (3) position sensors, and (4) digital processor (CPU). The electric machine and the power switching devices are necessary for system operation. Therefore, this paper concentrates
Conventional Control Equations

Voltage Equation
The stator voltage equation of the 3-phase stationary reference-frame for space vector control of the IPMSM can be expressed as:
The voltage in Equation (1) is expressed by a complex time-varying differential equation, except when the motor is at a standstill. Therefore, to more easily interpret such a complex time-varying differential equation, the 3-phase stator flux λ abcs is subjected to the following procedure to convert into dq-axes rotating as the electrical angular velocity ω e of the rotor. The system performance of IPMSM is improved by applying vector control to independently control dq-axes for fast response characteristics: 
The voltage equation in the 2-phase rotor coordinate system is expressed as follows by applying the magnetic flux λ dqr summarized above:
ω e L dr R s + pL qr i dr i qr + 0
L dr and L qr can be expressed as:
(L a + L as ) (5) From Equation (2) to Equation (5) , it can be seen that the flux and voltage equations for driving the IPMSM requires the position information θ e of the rotor. Thus, the position sensor is applied so that precise voltage control can be performed through the accurate position of the rotor. However, the application of the sensor not only increases the system cost, but also lengthens the axial length of the motor, and also restricts installation environment and requires periodic maintenance. In addition, since the noise may be mixed in the signal depending on the environment, the reliability of the system is degraded. Therefore, various sensorless control methods for removing such position sensors have been studied, and sensorless control algorithms can be largely divided as follows: (1) signal injection method; (2) estimation method of rotor magnetic flux or BEMF of stator; (3) application of observer, and (4) method of using motor parameters. Among these various methods, the rotor position estimation method using EEMF which extended concept of BEMF was applied in this paper. Figure 1 shows the general configuration of IPMSM motor control. 4π  cos  cos  cos  33  2  3  2π  4π  sin sin sin 33 
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From Equation (2) to Equation (5), it can be seen that the flux and voltage equations for driving the IPMSM requires the position information e  of the rotor. Thus, the position sensor is applied so that precise voltage control can be performed through the accurate position of the rotor. However, the application of the sensor not only increases the system cost, but also lengthens the axial length of the motor, and also restricts installation environment and requires periodic maintenance. In addition, since the noise may be mixed in the signal depending on the environment, the reliability of the system is degraded. Therefore, various sensorless control methods for removing such position sensors have been studied, and sensorless control algorithms can be largely divided as follows: (1) signal injection method; (2) estimation method of rotor magnetic flux or BEMF of stator; (3) application of observer, and (4) method of using motor parameters. Among these various methods, the rotor position estimation method using EEMF which extended concept of BEMF was applied in this paper. Figure 1 shows the general configuration of IPMSM motor control. 
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MTPA Control
In the case of IPMSM, unlike the SPMSM, electromagnetic torque is generated by the sum of the permanent magnet torque component generated by the interaction of the magnetic flux and the output current and the reluctance torque component generated by the difference between the d-axis and the q-axis inductances, as shown in the following torque Equation (6) . Using this reluctance torque component, a slightly larger torque than the SPMSM can be obtained. To generate this torque, a d-axis current is required and d-axis current should be negative because L qr is greater than L dr . If the flux by the permanent magnet is constant and the inductance difference does not change, the torque can be instantaneously controlled by controlling the magnetic flux axis current and the torque axis current, respectively:
The combinations of i dr and i qr capable of generating T e , are myriad, as shown in Figure 2 . However, the minimum current combination (i.e., the maximum torque output per unit current) that can minimize the copper loss while generating the same electromagnetic torque output is unique. The line connecting these dq current pairs is called the MTPA curve. The operation along the MTPA curve is referred to as MTPA control, and the angle of the curve is referred to as current angle or MTPA angle. MTPA control in IPMSM system is very efficient and important. 
In the case of IPMSM, unlike the SPMSM, electromagnetic torque is generated by the sum of the permanent magnet torque component generated by the interaction of the magnetic flux and the output current and the reluctance torque component generated by the difference between the d-axis and the q-axis inductances, as shown in the following torque Equation (6) 
The combinations of However, the minimum current combination (i.e., the maximum torque output per unit current) that can minimize the copper loss while generating the same electromagnetic torque output is unique. The line connecting these dq current pairs is called the MTPA curve. The operation along the MTPA curve is referred to as MTPA control, and the angle of the curve is referred to as current angle or MTPA angle. MTPA control in IPMSM system is very efficient and important. From the torque Equation (6), β can be obtained at current limit condition as follows:
From this, the optimal dq-axes instantaneous current commend can be obtained as follows: From the torque Equation (6), β can be obtained at current limit condition as follows:
From this, the optimal dq-axes instantaneous current commend can be obtained as follows: The d-axis inductance for the d-axis current fluctuation in the IPMSM is almost constant. However, the variation of the q-axis inductance with respect to the q-axis current fluctuation is very large, because the q-axis in which the magnetic circuit is composed of iron is largely influenced by the magnetic saturation. In addition, due to saturation, the current fluctuations of different axes are affected, and the magnitude of the flux also varies with the operating temperature. Therefore, it is necessary to consider the variation of the motor parameters for accurate MTPA control. In other words, accurate MTPA control is difficult without information about the exact parameters.
Also, for MTPA control, trigonometric functions, which consume much computation time of CPU, are frequently used. Therefore, this paper is proposed a new torque control algorithm of the IPMSM that can be simply replaced with the MTPA control part, which is not accurate due to the variation of the motor parameters during operation and allocates a lot of computation time.
EEMF Sensorless Algorithm
The voltage Equation (4) in the 2-phase rotating coordinate frame is re-expressed as the voltage Equation (9) in the 2-phase stationary coordinate frame to include information about the rotor position. When the permanent magnet of the IPMSM is rotating, a magnetic flux of the rotor is being induced in the stator winding, and BEMF is being generated. From the induced voltage, information on the rotor position can be estimated. To simplify the voltage Equation (9), Equation (10) can be rewritten by achieving a symmetric form of the impedance matrix. The second term on the right side of Equation (10) is referred to as the extended EMF (E ex ):
E ex can be rearranged as shown in Equation (11) . If the inductance of the flux axis equals the inductance of the torque axis (L ds = L qs ), Equation (11a) can be applied (as in the case of SPMSM). Also, when the flux linkage K E is zero (as in the case of the synchronous reluctance motor), Equation (11b) can be applied. Thus, the Equation (11) with several degrees of freedom is applicable to any motor. The sensorless EEMF method has the advantage that E ex can be estimated even at low speed region when the q-axis current is fluctuating slightly. Therefore, in this study, the sensorless EEMF method is applied:
e ds e qs = L ds − L qs ω e i ds − pi qs
e ds e qs
The coordinate system of estimated rotor position can be defined with γδ-axes. The position error θ e is defined as the difference between the actual position and the estimated position ( θ e = θ e −θ e ).
The relationship between the dqr-and γδ-axes is shown in Figure 3 below. The sign "ˆ" represents the estimated value. The EEMF terms of the γδ-axes contain the position estimation error information, which can be obtained using an observer. To eliminate the decoupling term The EEMF equation applied to the observer can be expressed with Equation (12) . And assuming that the velocity estimation is reasonable (ˆe e  ), the final Equation (13) Therefore, the estimated position of the rotor can be obtained simply by using the EEMF sensorless method and the observer.
Proposed MTPA Angle Compensation Method
MTPA control is essential for high-efficiency operation of IPMSM. However, since negative d-axis current command is generated for MTPA, the current angle β has a non-zero value. Furthermore, due to the characteristic of β, the motor control has nonlinear characteristics and the dependence on magnetic saturation and motor parameters is increased. Therefore, this paper proposes a new method for pre-compensation of β to eliminate the nonlinear operation Relationship between rotor positions for extended electromotive force (EEMF) sensorless method.
The EEMF terms of the γδ-axes contain the position estimation error information, which can be obtained using an observer. To eliminate the decoupling term v δ_ f f , it is forward compensated and can be expressed as shown in Figure 4 . The parameter g ob represents an observer gain and v γ , e γ and i γ are γ-axis voltage, EMF, and current, respectively. The EEMF terms of the γδ-axes contain the position estimation error information, which can be obtained using an observer. To eliminate the decoupling term The EEMF equation applied to the observer can be expressed with Equation (12) . And assuming that the velocity estimation is reasonable (ˆe e  ), the final Equation (13) 
Therefore, the estimated position of the rotor can be obtained simply by using the EEMF sensorless method and the observer.
MTPA control is essential for high-efficiency operation of IPMSM. However, since negative d-axis current command is generated for MTPA, the current angle β has a non-zero value. Furthermore, due to the characteristic of β, the motor control has nonlinear characteristics and the dependence on magnetic saturation and motor parameters is increased. Therefore, this paper proposes a new method for pre-compensation of β to eliminate the nonlinear operation The EEMF equation applied to the observer can be expressed with Equation (12) . And assuming that the velocity estimation is reasonable (ω e ω e ), the final Equation (13) can be obtained:
ê dŝ e qs = E ex − sinθ e cosθ e
MTPA control is essential for high-efficiency operation of IPMSM. However, since negative d-axis current command is generated for MTPA, the current angle β has a non-zero value. Furthermore, due to the characteristic of β, the motor control has nonlinear characteristics and the dependence on magnetic saturation and motor parameters is increased. Therefore, this paper proposes a new method for pre-compensation of β to eliminate the nonlinear operation characteristics of IPMSM, simplify the computation of algorithm, and reduce the reliance on trigonometric functions. The following Equation (14) represents the d-axis current command for MTPA control.
Figure 5a shows a general IPMSM vector diagram for controlling a dq-axes current pair for MTPA control. General vector control performs two transformations. First, the current vector of the 2-phase stationary reference frame is projected onto the 2-phase rotation reference frame. Second, the current vector of the 2-phase rotation reference frame is projected in the MTPA coordinate system by β. In this case, the introduction of eight trigonometric functions is essential for the two coordinate transformations. Figure 5b suggests a strategy to simplify the double conversion process of Figure 5a . The transformation in Figure 5b further rotates MTPA angle β to estimated position by the sensorless algorithm, which matches the phase of q-axis current with the output phase current. When this method is used, the command of the output phase current appears all over the q-axis, and the d-axis current does not participate in the distortion of the output current as the d-axis current converges to zero. Therefore, the IPMSM controls the d-axis current to 0 like the SPMSM, while the controller becomes simple and the MTPA control disappears. Consequently, the IPMSM becomes independent of the influence of the motor parameters and has a linear characteristic.
characteristics Figure 5a shows a general IPMSM vector diagram for controlling a dq-axes current pair for MTPA control. General vector control performs two transformations. First, the current vector of the 2-phase stationary reference frame is projected onto the 2-phase rotation reference frame. Second, the current vector of the 2-phase rotation reference frame is projected in the MTPA coordinate system by β. In this case, the introduction of eight trigonometric functions is essential for the two coordinate transformations. Figure 5b suggests a strategy to simplify the double conversion process of Figure 5a . The transformation in Figure 5b further rotates MTPA angle β to estimated position by the sensorless algorithm, which matches the phase of q-axis current with the output phase current. When this method is used, the command of the output phase current appears all over the q-axis, and the d-axis current does not participate in the distortion of the output current as the d-axis current converges to zero. Therefore, the IPMSM controls the d-axis current to 0 like the SPMSM, while the controller becomes simple and the MTPA control disappears. Consequently, the IPMSM becomes independent of the influence of the motor parameters and has a linear characteristic.
To prove this assumption, the general coordinate transformation in Figure 5a (transformation from the stationary coordinate system to the rotation coordinates and the MTPA transformation) and the coordinate transformation of the proposed MTPA pre-compensation method in Figure 5b are mathematically compared. Figures 5a,b can be expressed as Equations (15) and (16), respectively. Obviously, the results of both conversions (Equations (15) and (16)) are derived in the same way as Equation (17) . Therefore, the above assumptions have proven to be problem-free as formulas. 
In addition, a phase-locked loop (PLL) system is constructed to obtain a more accurate rotor position from the estimated position error. The position information ˆ' e  is a value pre-compensated by adding β to ˆe  . The PLL system is configured to estimate the rotor speed by To prove this assumption, the general coordinate transformation in Figure 5a (transformation from the stationary coordinate system to the rotation coordinates and the MTPA transformation) and the coordinate transformation of the proposed MTPA pre-compensation method in Figure 5b are mathematically compared. Figure 5a ,b can be expressed as Equations (15) and (16), respectively. Obviously, the results of both conversions (Equations (15) and (16)) are derived in the same way as Equation (17) . Therefore, the above assumptions have proven to be problem-free as formulas. In addition, a phase-locked loop (PLL) system is constructed to obtain a more accurate rotor position from the estimated position error. The position informationθ e is a value pre-compensated by adding β toθ e . The PLL system is configured to estimate the rotor speed by applying a proportional-integral (PI) controller to the error value between the actual position information and the estimated position information. Figure 6 shows the PLL system. And the overall motor speed control block diagram with the sensorless mode proposed in Sections 3 and 4 is shown in Figure 7 .
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Simulation with MATLAB/Simulink was conducted to verify the validity of the sensorless control using the EEMF estimation method and the proposed pre-compensation algorithm for the MTPA angle. Table 1 shows detailed parameter specifications of the IPMSM used in the simulation and experiment. Φ is the phase induced voltage magnitude at 1000 rpm. The simulated system consists of a conventional sensored model and two sensorless models. The results of each model are compared in Figures 8 and 9 . The simulation is implemented at rated speed and torque conditions. The angle β measures 18 • . The upper curve in Figure 8a shows the a-phase output current waveform of the IPMSM, and the lower curve represents the real and estimated rotor position comparison waveforms. In Figure  8b ,c, the yellow curves are the actual dq-axes currents, the blue curves show dq-axes the reference currents, and the red curves represent the estimated dq-axes currents. Estimation method 1 (labelled est 1) in Figure 8b ,c is the simulation model with the EEMF sensorless method.
(a) The upper curve in Figure 8a shows the a-phase output current waveform of the IPMSM, and the lower curve represents the real and estimated rotor position comparison waveforms. In Figure 8b ,c, the yellow curves are the actual dq-axes currents, the blue curves show dq-axes the reference currents, and the red curves represent the estimated dq-axes currents. Estimation method 1 (labelled est 1) in Figure 8b ,c is the simulation model with the EEMF sensorless method.
From the simulation results of Figure 8 , the estimated position value and the actual position value are almost overlapped (since no delay appears and the sensorless controller operates well). In addition, the estimated dq-axes currents reliably follow the reference current values. In Figure 9 , estimation method 2 (labelled est 2) represents the algorithm in which the proposed MTPA angle compensation control is further applied to the est 1 method. As shown in Figure 8 , the upper part of Figure 9a is the a-phase output current waveform and the lower part is the real and the estimated rotor position comparison waveforms. In contrast to Figure 8 , a-phase gap occurs between the actual position and the estimated position, since the MTPA angle β has been compensated to the rotor position. In Figure 9b ,c, the yellow curves represent the actual dq-axes currents, the blue curves represent the dq-axes reference currents, and the red curves express the estimated dq-axes currents with the est 2 method. According to the simulation results in Figure 9 , the estimated position accurately tracks the actual position with phase delay of β. Further, the d-axis command current has negative values, whereas it can be confirmed that the d-axis current of the est 2 method with the applied MTPA compensation algorithm converges to 0 A. Additionally, it is confirmed that error magnitude of the rotor position and the output current is very small (within ±0.1 • , ±0.1 A), when comparing the three schemes, which are sensored model and the sensorless models (est 1, est 2).
The upper curve in Figure 8a shows From the simulation results of Figure 8 , the estimated position value and the actual position value are almost overlapped (since no delay appears and the sensorless controller operates well). In addition, the estimated dq-axes currents reliably follow the reference current values. In Figure 9 , estimation method 2 (labelled est 2) represents the algorithm in which the proposed MTPA angle compensation control is further applied to the est 1 method. As shown in Figure 8 , the upper part of Figure 9a is the a-phase output current waveform and the lower part is the real and the estimated rotor position comparison waveforms. In contrast to Figure 8 , a-phase gap occurs between the actual position and the estimated position, since the MTPA angle β has been compensated to the rotor position. In Figure 9b ,c, the yellow curves represent the actual dq-axes currents, the blue curves represent the dq-axes reference currents, and the red curves express the estimated dq-axes currents with the est 2 method. According to the simulation results in Figure 9 , the estimated position accurately tracks the actual position with phase delay of β. Further, the d-axis command current has negative values, whereas it can be confirmed that the d-axis current of the est 2 method with the applied MTPA compensation algorithm converges to 0 A. Additionally, it is confirmed that error magnitude of the rotor position and the output current is very small (within ±0.1°, ±0.1 A), when comparing the three schemes, which are sensored model and the sensorless models (est 1, est 2) .
Finally, Figure 10 shows a comparison of the reference speed, actual speed, and estimated speed on the est 2 model. The estimated speed follows the reference speed reliably and its responsiveness converges rapidly. According to the simulation results, the sensorless method and the proposed MTPA angle-compensation algorithm have proven to be excellent methods. These results will be further confirmed through experiments. Finally, Figure 10 shows a comparison of the reference speed, actual speed, and estimated speed on the est 2 model. The estimated speed follows the reference speed reliably and its responsiveness converges rapidly. According to the simulation results, the sensorless method and the proposed MTPA angle-compensation algorithm have proven to be excellent methods. These results will be further confirmed through experiments. From the simulation results of Figure 8 , the estimated position value and the actual position value are almost overlapped (since no delay appears and the sensorless controller operates well). In addition, the estimated dq-axes currents reliably follow the reference current values. In Figure 9 , estimation method 2 (labelled est 2) represents the algorithm in which the proposed MTPA angle compensation control is further applied to the est 1 method. As shown in Figure 8 , the upper part of Figure 9a is the a-phase output current waveform and the lower part is the real and the estimated rotor position comparison waveforms. In contrast to Figure 8 , a-phase gap occurs between the actual position and the estimated position, since the MTPA angle β has been compensated to the rotor position. In Figure 9b ,c, the yellow curves represent the actual dq-axes currents, the blue curves represent the dq-axes reference currents, and the red curves express the estimated dq-axes currents with the est 2 method. According to the simulation results in Figure 9 , the estimated position accurately tracks the actual position with phase delay of β. Further, the d-axis command current has negative values, whereas it can be confirmed that the d-axis current of the est 2 method with the applied MTPA compensation algorithm converges to 0 A. Additionally, it is confirmed that error magnitude of the rotor position and the output current is very small (within ±0.1°, ±0.1 A), when comparing the three schemes, which are sensored model and the sensorless models (est 1, est 2).
Finally, Figure 10 shows a comparison of the reference speed, actual speed, and estimated speed on the est 2 model. The estimated speed follows the reference speed reliably and its responsiveness converges rapidly. According to the simulation results, the sensorless method and the proposed MTPA angle-compensation algorithm have proven to be excellent methods. These results will be further confirmed through experiments. 
Experimental Results
The experimental setup and the used motor are shown in Figure 11 . The motor is the IPMSM with 4 kW, 3500 rpm, and 10 poles and it is for an oil pump. The controller was configured using a Texas Instruments' TMS320F28335 (Texas Instruments, Inc, Dallas, TX, USA) unit. The current-control sampling period and pulse width modulation (PWM) switching frequency were set to 20 kHz.
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Conclusions
This paper proposes a new method to reduce the cost of industrial motor system by introducing: (1) EEMF sensorless control to remove the position sensor and (2) a MTPA angle pre-compensation method which reduces trigonometric functions to reduce the burden of using a high-performance CPU. Applying this new concept not only removes sensors, but also reduces the trigonometric calculation process, which takes up a lot of computation time in the CPU, resulting in a cost savings of at least 10% to up to 35% in the overall IPMSM motor system (including controller, inverter and position sensor). In addition, the nonlinear characteristics by the MTPA control which is a disadvantage of IPMSM are improved, and excellent control performance can be implemented even under rated conditions. As a result, this advanced algorithm maintains the same level of performance while reducing the cost of the system, and makes the motor control more stable and linear. However, the operating range of the oil pump motor used in this paper does not have a low speed section, thus the stability in the extremely low speed range has not been verified. Due to the nature of the EEMF algorithm, stability at low speeds is guaranteed to some extent, but additional control stability must be verified even at extremely low speeds and zero speeds. Therefore, future studies will add adaptive mechanism tests to verify the operating characteristics when applying the proposed algorithm at the extremely low speed and zero speed. Furthermore, the verification of the motor linearity in the field weakening region will proceed.
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